Abstract: The time-averaged turbulent flow characteristics in a wall-wake flow downstream of a wall-mounted vertical cylinder (freesurface piercing) are analyzed from the viewpoint of self-similarity in their vertical profiles. In a wall-wake flow, the deficits (differences between upstream and downstream values at a given elevation) in streamwise velocity, Reynolds shear stress, turbulence intensities, and thirdorder moments exhibit a certain degree of self-similarity in their vertical profiles when they are scaled by their respective maximum deficit values. For scaling the vertical distance to achieve the self-similarity, the velocity deficit profiles are scaled by the half-thickness of maximum velocity deficit, whereas the profiles of all other aforementioned turbulence quantities are scaled by the half-thickness of Reynolds shear stress deficit. The values of the maximum deficit of all the quantities diminish with the downstream distance, signifying the recovery of their uninterrupted upstream profiles. The deficits in mixing length and turbulent length (the Taylor microscale) scale also exhibit a certain degree of similarity in their profiles, when they are appropriately scaled.
Introduction
Flow past a vertical bluff body has been a key topic of study among hydraulicians owing to its significance in several theoretical analyses and practical applications. The presence of a bluff body in a fluid flow gives rise to an extended affected flow zone downstream of the body itself, called wake, that has distinctive characteristics as compared with the plane boundary layer flow. In real-life situations, vertical bluff bodies are of various kinds, for instance, bridge piers, abutments, piles, and so on. For these cases, the wake flows developed downstream of the bluff bodies, owing to an approach fully developed boundary layer (wall shear) flow, have an effect from the bottom wall surface, and are therefore called wall-wake flow. The deficit of flow velocity along with an enhanced turbulence level in wall-wake flow is necessary to ascertain a situation that may likely constitute a favorable fish culture. Further, the multifaceted hydrodynamics of the wake flow downstream of a vertical cylinder are involved in removal of bed sediment forming an erosion hole.
In bluff-body hydrodynamics, Schlichting (1979) put forward a classical theory of self-similarity in the velocity deficit profiles in a free wake flow downstream of a circular cylinder under an approach free-stream flow. However, the flow characteristics in this study are more complex than those in Schlichting (1979) , paying attention to the wall-wake turbulence characteristics downstream of a wall-mounted vertical cylinder under a free-surface approach boundary layer flow (fully developed). To be precise, the present case deals with a shallow wake flow, which is defined as the flow situation where the longitudinal length scale of a typical eddy is considerably greater than the vertical length scale. The studies on wake flows have so far been pursued to understand (1) the basic flow structure downstream of a bluff body in terms of instantaneous velocity field and shedding of wake vortices, and (2) the turbulence characteristics in flow past a bluff body for a turbulent approach flow (R > 10 4 ). Here, R denotes the cylinder Reynolds number given byŪD=υ;Ū represents the approach flow velocity; D is cylinder diameter; and υ is the coefficient of kinematic viscosity of fluid. Earlier studies on wall-wake flow downstream of a wallmounted vertical circular cylinder corresponding to a free-surface piercing condition were due to Balachandar et al. (2000) , Tachie and Balachandar (2001) , Kahraman et al. (2002) , Akilli and Rockwell (2002) , Ozgoren (2006) , Ozturk et al. (2008) , and Sadeque et al. (2009) . These studies on wall-wake flow focus on the downstream vortex shedding and the flow structure. Wall-wake flow downstream of a bluff body is mainly divided into near-wake and far-wake flow regions (Dey et al. 2011) . Because the focus of this study is on the wall-wake flow downstream of a wall-mounted vertical circular cylinder (free-surface piercing), a brief literature review on this topic is given subsequently.
The vortex shedding in wall-wake flow was the focus of some researches. Akilli and Rockwell (2002) investigated the near-wake flow downstream of a wall-mounted vertical circular cylinder under shallow flow having R ¼ 10,052 by using a combination of visualization marker and a high-image density particle image velocimetry (PIV). The formation of a large-scale Kármán vortex involves upward fluid ejections through its center, which eventually leads to a streamwise vortex that induces significant distortion to the free surface. The strength of this secondary vortex is, however, an order of magnitude smaller than that of the large-scale Kármán vortex. Aided by a digital PIV, Ozgoren (2006) studied the generation of vortical structures and the turbulence quantities downstream of a circular cylinder under a uniform flow having different values of R. This study revealed that the lengths of vortex formation decrease with an increase in R. Ozturk et al. (2008) investigated the flow field upstream and downstream of a wall-mounted vertical circular cylinder in the boundary layer region by using a PIV technique for 750 ≤ R ≤ 9,600. The interaction among the primary, approach, and anticlockwise rotating vortices and the trail of the horseshoe vortices developed at the upstream cylinder base were quantitatively recognized in terms of the instantaneous and timeaveraged flow results.
Besides the vortex shedding, the turbulent flow downstream of a wall-mounted vertical cylinder or plate is an important issue. Balachandar et al. (2000) and Tachie and Balachandar (2001) observed that the self-similarity in the time-averaged velocity profiles downstream of a plate can be achieved even in the near-wake flow region by using suitable velocity and length scales. Kahraman et al. (2002) studied the effects of localized wall-roughness elements on shallow wake flow downstream of a wall-mounted circular cylinder. They found that the effects of localized wall-roughness are not only confined to the near-wall flow zone, but also control the overall turbulent structure in a shallow wake flow even up to the midheight of the cylinder. Sadeque et al. (2009) studied the characteristics of shallow turbulent near-wake flow downstream of a wall-mounted vertical cylinder for different levels of submergence over smooth and rough walls. They found that the flows in the zone away from the wall are somewhat similar.
The literature survey, therefore, suggests that although a number of experimental studies have been carried out so far to understand the behavioral features of the wall-wake flow downstream of a wall-mounted vertical cylinder, most of them are confined to the vortex shedding and the general flow structure. Therefore, a clear understanding of the flow velocity and the turbulence characteristics in terms of the Reynolds shear stress (RSS), turbulence intensities, third-order moments, and turbulent length scales in the context of the self-similarity in their individual profiles, if there are any, in addition to their time-averaged structures, is still inadequate. The present study is, therefore, aimed at an experimental investigation of the turbulent wall-wake flow characteristics downstream of a wall-mounted vertical circular cylinder (free-surface piercing). The three-dimensional (3D) instantaneous flow velocities were captured by a Vectrino plus probe (Nortek, Rud, Norway) [acoustic Doppler velocimeter (ADV)] along the axisymmetric vertical lines at different longitudinal distances upstream and downstream of the wall-mounted cylinder. The vertical profiles of the streamwise velocity, RSS, turbulence intensities, third-order moments, and turbulent length scales are analyzed from the viewpoint of the self-similarity, the variations of the length scales and their decay over the longitudinal distance.
Experimentation
Experiments were performed in a rectangular flume (21 m long, 0.91 m wide, and 0.7 m deep) at the Hydraulic and Water Resources Engineering Laboratory, Indian Institute of Technology Kharagpur, India. The glass sidewalls of the flume at the test section within 8-16 m from the flume inlet facilitated visualization of the flow. The inflow rate to the flume was measured by a calibrated V-notch weir at the inlet tank upstream of the stilling basin that was positioned at the flume entrance. A tailgate at the downstream end of the flume was used to control the flow depth in the flume. A thin layer of fine uniform gravel of median size d ¼ 2.25 mm was glued on the surface of the flume bottom to make it rough. The gravel layer facilitated to take noise-free velocity measumements by the Vectrino. A circular cylinder, used as a bluff body, was mounted vertically onto the flume bottom at a distance of 9 m from the flume inlet. A Vernier point gauge was used to measure the flow profile. The tests were carried out under a uniform flow condition that was confirmed from the flow profile within the reach from 8 to 12 m (from the flume inlet) where the flow measurements were done. Two experimental runs, Runs 1 and 2 corresponding to cylinder diameters D ¼ 60 and 82 mm, respectively, were considered at a flow depth of h ¼ 0.25 m having a cross-sectional averaged flow velocity ofŪ ¼ 0.48 m=s over a bottom slope of S 0 ¼ 0.06%. The cylinder Reynolds numbers R were 28,800 and 39,360 for Runs 1 and 2, respectively. The approach shear velocity u Ã (¼ 0.038 m=s) estimated from ðghS 0 Þ 0.5 was close to the u Ã (¼ 0.032 m=s) obtained from the upstream RSS profiles, extending them onto the bottom wall. Here, g is the gravitational acceleration. The particle shear Reynolds number R Ã (¼ u Ã d=υ) was 85.5 (>70), confirming the hydraulically rough flow. In essence, the self-similarity characteristic in wall-wake flow was examined for two different values of R, because the wall-wake flow is dependent on R values being a function of D. The velocity measurements were taken by the Vectrino along the flume centerline in the xz-plane at different longitudinal distances (x=D ¼ −5, 1.5, 2, 3, 4, 5, 6, 7, 8, 10, 13, and 16 ). The upstream measurement was taken at a location x=D ¼ −5, where no effects of the cylinder were prevalent. Importantly, the upstream profiles of the velocity and other turbulence quantities were used as reference profiles. The x, y, and z coordinates are oriented in the longitudinal, spanwise, and vertical directions, respectively. The origin of the coordinates is at the intersection of the centerline of the cylinder with the bottom wall on the central plan, as shown in Fig. 1 . To clearly represent the vertical profiles of the velocity and turbulence quantities in figures, the vertical profiles are shown at x=D ¼ −5, 1.5, 2, 3, 5, 7, 10, and 16. Further, a minimal blockage ratio (flume width∶cylinder diameter > 10) was also maintained to avoid the effects of the sidewall on wall-wake flow. The 3D instantaneous velocity components were captured by a four-receiver downlooking Vectrino plus probe (Nortek, Rud, Norway) working with an acoustic frequency of 10 MHz. It is an ADV that emits four beams meeting at a distance 50 mm below the probe head. The sampling volume had a 6-mm diameter and an adjustable height of 1-4 mm. Owing to the measuring location of 50 mm below the probe, no measurement was possible within the flow zone of 50 mm thickness near the free surface. For the data acquisition, the Vectrino was operated with a sampling rate of 100 Hz and a sampling duration of 300 s to achieve the time-independent timeaveraged velocity and turbulence quantities. The lowest sampling height was used as 1 mm up to the middepth of the flow, whereas above it the sampling height was gradually increased to 4 mm.
In the experiments, the critical (minimum) value of the signalto-noise (SNR) ratio was maintained at 15. The recommended cutoff value for the signal correlation between the transmitting and the receiving pair of pulses was, in general, 75%. Further, in the near-wall flow zone, the signals received by the Vectrino contained spikes due to the interference between the incident and the reflected pulses. So, a despiking algorithm, called acceleration thresholding algorithm (Goring and Nikora 2002) , was used to despike the data samples. This algorithm could detect and replace the spikes in two phases. However, the threshold values (= 1-1.5) for despiking were determined satisfying the Kolmogorov −5=3 scaling law for the velocity power spectra in the inertial subrange, as was done by Dey et al. (2012 Dey et al. ( , 2017 . To be explicit, for a trial threshold value, if the velocity power spectral density function F ii ðfÞ curves of despiked signals displayed an acceptable correspondence with the −5=3 scaling law within the inertial subrange, it corroborated the acceptability of the despiked data samples. It was also noticed that the discrete spectral peaks were evident in the F ii ðfÞ curves for frequencies f ≤ 0.5 Hz, implying that the signals contained largescale eddies for f ≤ 0.5 Hz. On the other hand, for f > 0.5 Hz, the signals contained small-scale eddies referring to the pure turbulence. The raw data were therefore filtered by a high-pass filter with a cutoff frequency of 0.5 Hz. Furthermore, the noise in data samples due to the redundancy for the vertical velocity components w 1 and w 2 was calculated for the despiked data samples (Dey et al. 2017 ). To ensure noise-free data samples, the recommended variance is σ 
Time-Averaged Velocity
The schematic velocity profiles in wall-shear flow past a wallmounted vertical circular cylinder that produces the effects of a bluff body is presented in Fig. 1 . The approach wall-shear flow passing the cylinder separates by the sides of it, forming a reversed flow zone in the immediate downstream vicinity of the cylinder. The downstream extension of the reversed flow in the flow zone away from the wall is more persistent than that toward the wall because of the increase in approach velocity creating the stronger separated reversed flow with the vertical distance. This type of flow that has a reversed flow zone is called the near-wake flow. The disturbed flow further downstream of the cylinder is called the farwake flow. As the downstream distance increases, the effects due to the cylinder on the flow weaken and a recovery of the uninterrupted upstream flow takes place. In the near-wake flow, the effects of the viscous diffusion dominate the reversed flow induced by the cylinder. In particular, the reversed flow velocity at a given elevation is always less than the uninterrupted approach flow velocity at that elevation. In contrast, in the far-wake flow, the affected flow along with the formation of a near-wall shear layer governs and is also less than the approach flow velocity at a given elevation. However, this flow (the velocity profile) gradually turns out to be an uninterrupted approach wall-shear flow with an increase in downstream distance. In Fig. 1 , the broken lines denoting u ¼ 0 and u ¼ u max , where u is the time-averaged streamwise velocity and u max is the peak value of u for a given u-profile, demonstrate the separated flow line in the near-wake flow and the growth of the wall-wake boundary layer in the far-wake flow with an increase in downstream distance, respectively. Fig. 2 (a) depicts the data plots of the vertical profiles of the dimensionless time-averaged streamwise velocity u=u Ã at different dimensionless longitudinal distances x=D for Run 1. It is apparent that the wall-wake flow comprises a flow reversal within the nearwake flow region and a gradual process of recovery of the uninterrupted upstream approach velocity profile in the far-wake flow region as the downstream distance x increases. The u=u Ã profiles that are significantly affected by the wall wake in the immediate downstream (i.e., the near-wake flow region) of a wall-mounted vertical cylinder show a severe concavity in the individual u=u Ã profiles up to x=D < 5. Thereafter, they achieve the convexity in their profiles and recover slowly. The typical vertical variation of u in u=u Ã profiles is due to the existence of the bottom wall, where the no-slip condition is preserved. One of the interesting features is that the locations of the points of inflection (d 2 u=dz 2 ¼ 0) in u profiles downstream of the cylinder is gradually elevated with x. It is also an indication of the flow recovery because the u-profiles achieve almost the same gradient as that of the approach u profile at x=D ¼ 16, although a full recovery that occurs at a far downstream distance was still awaited. To be precise, the reversed flow (negative u) is evident in some portion of u profiles until x=D ¼ 2 belonging to the near-wake flow region. Further, in the far-wake flow for x=D > 3, the uðx > 3; zÞ profiles possess positive magnitude of u, although their magnitudes are less as compared with the corresponding magnitudes in Uðx ¼ −5D; zÞ profile at the upstream until the full recovery takes place. Importantly, the extension of the individual u profiles onto the wall substantiates the preservation of no-slip condition in the wall-wake flow. Away from the wall, the u profiles are characterized by a double shear layer. However, a reduction of u in these profiles occurs as a result of the inherent fluid agitation effects in the wall-wake flow downstream of wall-mounted cylinder. Then, to recover the uninterrupted upstream u profile, the wall-wake flow in general experiences an advective process following a spatially accelerated flow. It may be noted that in the immediate downstream vicinity of the cylinder (x=D < 1.5), the u profile could not be measured owing to the projected arms of the Vectrino probe that did not allow the flow measurements in this zone.
In inset of Fig. 2(b) , a typical velocity deficit Δu profile in a wall-wake flow developed owing to the fluid agitation (mixing) effects is presented. The ΔuðzÞ is represented by UðzÞ − uðzÞ, where UðzÞ is the time-averaged approach velocity at an elevation z, noting that UðzÞ > uðzÞ. It indicates that the velocity deficit is calculated as the difference between the uninterrupted upstream and the downstream streamwise velocities at the same elevation z. It may be pointed out that the velocity deficit in most of the earlier studies on wall-wake flow was calculated on the basis of a constant or a representative approach velocity as for example in Sadeque et al. (2009) . However, following the procedure adopted in this study, the actual velocity deficit that a wall-wake flow possesses at a given elevation can be obtained with respect to an uninterrupted approach wall-shear flow. Unlike the Δu profile in a free wake flow, the distinguishable characteristic of the Δu profile in a wall-wake flow is that the Δu vanishes at z ¼ 0, preserving the noslip condition.
As shown in inset of Fig. 2(b) , a typical velocity deficit ΔuðzÞ profile downstream of a wall-mounted vertical cylinder in far-wake flow provides two imperative scaling parameters. They are the maximum velocity deficit ðΔuÞ m and the vertical distance z 1 of the location of 0.5ðΔuÞ m for ∂Δu=∂z < 0, termed the half-thickness of maximum velocity deficit. Fig. 2(b) presents the data plots for the dimensionless streamwise velocity deficit Δu=ðΔuÞ m against z=z 1 for Runs 1 and 2. Interestingly, the variation of Δu=ðΔuÞ m with z=z 1 is approximately linear. It is apparent that the application of these scales, ðΔuÞ m and z 1 , brings down all the individual data plots to a single band. It is worth mentioning that the data plots could not be brought down on a slim band owing to an inherent dissemination of attenuating velocity fluctuations in the wall-wake flow. Further, ΔuðzÞ profiles at x=D ¼ 1.5 and 2 were excluded in Fig. 2 (b) because they do not comply with the self-similarity in Δu profiles due to the near-wake flow constraint. Nevertheless, there exists a conceivable self-similarity in the Δu profiles in far-wake flow downstream of a wall-mounted vertical cylinder. Additionally, it is also noticeable (from the extrapolation of the data plots onto the wall) that the no-slip condition Δuðz → 0Þ → 0 at the bottom wall is well preserved. Importantly, the location of ðΔuÞ m as obtained from this scaling law is Δuðz ≈ 1.8-2.5z 1 Þ ¼ ðΔuÞ m . Fig. 2(c) demonstrates the variation of dimensionless halfthickness of maximum velocity deficit z 1 =D with an increase in x=D for Runs 1 and 2. The half-thickness z 1 grows very slowly with x becoming almost invariant of x in the far-wake flow region. On the other hand, Fig. 2(d) presents the decay of dimensionless maximum velocity deficit ðΔuÞ m =u Ã with x=D for Runs 1 and 2. It also describes the gradual recovery of the wall-wake flow to become the uninterrupted approach upstream flow at a far downstream distance, where ðΔuÞ m → 0. However, the rate of recovery with x is initially quite fast. For the case of a sphere, the recovery of the wall-wake flow is almost similar to the present case (Schmeeckle and Nelson 2003; Dey et al. 2011 ).
Reynolds Shear Stress Fig. 3(a) shows the data plots of the vertical profiles of the dimensionless RSS, τ =u 2 Ã , at different x=D for Run 1, where τ denotes the RSS relative to mass density of fluid ρ, that is −u 0 w 0 ; and u 0 and w 0 represent the fluctuations of streamwise and vertical velocity components with respect to their time-averaged values, respectively. In the uninterrupted upstream flow (x=D ¼ −5), the τ =u 2 Ã follows the linear law, that is a linear function of z. In contrast, in the downstream vicinity of the cylinder, the τ =u 2 Ã profiles start with a positive magnitude near the wall and decrease with an increase in z=h until the profiles change over the sign at z=h ≈ 0.12 to become negative. Thereafter, with an increase in z=h, the τ =u Fig. 3(b) depicts the data plots of the dimensionless RSS deficit Δτ =ðΔτ Þ m against z=z 2 for Runs 1 and 2, where Δτ denotes the RSS deficit given by Δτ ðzÞ ¼ τ ðzÞ upstream − τ ðzÞ downstream . To obtain the similarity in Δτ profiles, the scaling parameters are chosen as the maximum RSS deficit ðΔτ Þ m and the vertical distance z 2 of the location of 0.5ðΔτ Þ m for dðΔτ Þ=dz < 0 [see inset of Fig. 3(b) ], termed the half-thickness of maximum RSS deficit, as was done by Dey et al. (2011) for plane wall-wake flow downstream of a sphere. In case of submerged wall-jet flows, Dey and Sarkar (2006, 2008) and Dey et al. (2010) also used the z 2 as a length scale for collapsing the data plots of the Reynolds stresses. The use of ðΔτ Þ m and z 2 allows the data plots of the individual Δτ profiles collapsing on a single band. It corroborates that the self-similarity in the individual Δτ profiles in wall-wake flow downstream of a wall-mounted vertical cylinder is well preserved. However, in this study, the scaling law provides an important information on the locations of the negative maximum Δτ ðz ≈ 0.7z 2 Þ ¼ −ðΔτ Þ m and the null Δτ ðz ≈ 1.2z 2 Þ ¼ 0. Fig. 3(c) displays that the dimensionless half-thickness of maximum RSS deficit z 2 =D is almost invariant of x=D having slight undulations in the far-wake flow region, which might be attributed to an experimental noise. On the other hand, Fig. 3(d) shows the variation of dimensionless maximum RSS deficit ðΔτ Þ m =u 2 Ã with x=D, describing a progressive recovery of the uninterrupted upstream τ profile with an increase in downstream distance x.
Turbulence Intensities
Turbulence intensity is a measure to quantify the extent of variation or dispersion of a velocity data sample over an adequately long time period. The streamwise and vertical turbulence intensities, σ u and Figs. 4(a and b) . In the uninterrupted upstream flow (x=D ¼ −5), the σ u =u Ã and σ w =u Ã profiles have a diminishing trend with an increase in z=h. In contrast, in the downstream vicinity of the cylinder, the σ u =u Ã and σ w =u Ã profiles increase with an increase in z until they reach their maximum values in the individual σ u =u Ã and σ w =u Ã profiles at the locations of the points of inflection profiles is attributed to an increase in magnitude of the turbulence intensities due to the fluid agitation process in wall-wake flow. As an attenuation of turbulence level, these maximum values in σ u =u Ã and σ w =u Ã profiles weaken with x and tend to be those of the uninterrupted upstream profiles at a far downstream distance. 
Third-Order Moments of Velocity Fluctuations
Third-order moments, which contain the necessary stochastic information related to the transport and diffusion of the Reynolds Figs. 5(a-d) show the data plots of the vertical profiles of the third-order moments m jk at different x=D for Run 1. In the uninterrupted upstream flow (x=D ¼ −5), the m 30 and m 12 in the vicinity of the wall initiate with negative values and then they increase (negative values) with an increase in z=h reaching a maximum; thereafter they reduce with z=h. In contrast, the m 03 and m 21 in the vicinity of the wall start with positive values and then they increase (positive values) with z=h reaching a maximum; thereafter they reduce with z=h. On the other hand, in the immediate downstream vicinity of the cylinder at x=D ¼ 1.5, the m 30 and m 12 near the wall initiate with small negative values and then sharply increase (negative values) with z=h to become negative maximum at z=h ≈ 0.08 and change over the sign at z=h ≈ 0.12 to positive. They increase with a further increase in z=h to become positive maximum and are thereafter independent of z=h followed by a brief drop in their magnitudes. In contrast, at x=D ¼ 1.5, the m 03 and m 21 remain negative all throughout the flow depth with a maximum at z=h ≈ 0.3. It is pertinent to mention that the m jk profiles at x=D ¼ 2 and 3 act as transitional profiles to become the m jk profiles in the far-wake flow for x=D ≥ 5. Downstream of the cylinder, in the far-wake flow (5 ≤ x=D ≤ 16), the m 30 and m 03 near the wall initiate with negative and positive values, respectively, and increase (their absolute values) gradually with an increase in z=h becoming a negative maximum of m 30 and a positive maximum of m 03 at the locations of the points of inflection of u profiles. As z=h increases further, the m 30 and m 03 diminish gradually with z=h. These trends progressively disappear with an increase in x=D, and the m 30 and m 03 profiles at x=D ¼ 16 are nearly similar to those in the uninterrupted upstream flow. It is, however, evident that the trends of m 12 and m 21 in the far-wake flow (5 < x=D ≤ 16) are almost similar to those of m 30 and m 03 , respectively. Therefore, in the far-wake flow, the diffusive transport phenomenon is quite similar to that in the uninterrupted upstream flow and is as follows: The m jk profiles correspond to an upstream transport of u 02 (−m 30 ) together with an upward transport of w 02 (þm 03 ), in combination with an upstream diffusion of w 02 (−m 12 ) associated with an upward diffusion of
The essential responses of the turbulent events to the turbulent stress production at a given point in the flow zone can be virtually determined from the sign combination of the third-order moments of velocity fluctuations (Nakagawa and Nezu 1977) . Both at the 
Turbulent Length Scales
In a turbulent fluid flow, the eddies have unceasingly varied sizes from the largest length scale to the smallest one. They compose a coherent flow structure, which is dynamically self-perpetuating in nature, emerging from the instabilities of the internal fluid flow. Although it is a difficult proposition, if not impossible, to distinctively determine the traversing length and the size of the individual eddies, it is, however, feasible to define the length scales that characterize the traversing length and the mean size of eddies corresponding to their characteristic features. In fact, the traversing length of eddies is often called the mixing length, that is defined as the mean distance traversed by eddies from their generation location to the degeneration location in the neighboring fluid mass. The turbulent length scale is therefore a physical measure defining the characteristic of the large-scale energy-containing eddies in a turbulent flow. In other words, the large-scale eddies in the turbulent flow are liable for most of the fluid momentum and energy transfer. As a larger scale eddy disintegrates into smaller ones, the turbulent kinetic energy (TKE) that the larger scale eddy retains is transferred to the smaller ones through an energy cascade process. In contrast, when the large-scale eddies unite with each other, as it transpires in a fluid agitation process, the TKE is transferred to the larger eddies. Importantly, the length scale of larger eddies is constrained by the physical domain of the flow. Instead, the length scale of smaller eddies (pure turbulence) are determined from the fluid viscosity, as defined by the Taylor microscale, referring to the length scales of eddies in the inertial subrange (Pope 2000; Dey 2014) .
Prandtl Mixing Length
By definition, the Prandtl mixing length l is given by
The dimensionless mixing length l=d as a function of z=h at different x=D for Runs 1 and 2 is plotted in Fig. 8 . In the uninterrupted upstream flow (x=D ¼ −5), the ratio l∶d increases gradually with an increase in z=h, attaining a maximum value at z=h ≈ 0.65, and then decreases with a further increase in z=h. In the wall-shear In the near-wake flow for x=D ≤ 3, the ratio l∶d in the vicinity of the wall increases sharply with z=h, forming a sharp protuberance at z=h ≈ 0.05, but then decreases to a minimum value at z=h ≈ 0.15. However, as z=h increases further in the outer layer of flow, the ratio l∶d gradually increases with z=h and follows the l=d profile in the uninterrupted upstream flow. The resulting lðzÞ profiles in wall-wake flow, obtained from Eq.
(1), are due to the combined effects of the variations of the vertical gradient of u profile and the enhanced τ (¼ −u 0 w 0 ) in τ profile. As the x=D increases for x=D > 3, the ratio l∶d near the wall decreases, disappearing in the protuberance in l=d profiles. It is however evident that in wall-wake flow, the l within the middle layer of flow is smaller, whereas the l in the outer layer of flow is greater than the corresponding l in the uninterrupted upstream flow. Further, the effects of the ratio h∶D are reflected in the outer flow layer of wall-wake flow, because l enhances with a decrease in h=D.
For x=D ≥ 7, the l=d profiles become almost analogous to those in the uninterrupted upstream flow due to the recovery. In conclusion, the traversing distance of eddies in wall-wake flow decreases in the middle layer of flow, but increases in the near-wall zone and in the outer layer of flow as compared with those in the uninterrupted upstream flow. The reason is attributed to a reduction in wake velocity and an enhancement in RSS in wall-wake flow. The mixing length deficit is obtained from ΔlðzÞ ¼ lðzÞ upstream − lðzÞ downstream . The ΔlðzÞ profiles in wall-wake flow possess two possible scales. They are the maximum deficit ðΔlÞ m in a Δl profile and the vertical distance z 3 of the location of 0.5ðΔlÞ m [see inset of Fig. 9(a) ], as was done by Sarkar and Dey (2015) . Fig. 9(a) shows the data plots of the dimensionless mixing length deficit Δl=ðΔlÞ m against z=z 3 . The use of the scales, ðΔlÞ m and z 3 , tends to collapse all the individual data plots on a single band, corroborating that the self-similarity in the individual Δl profiles is preserved. The changeover of signs in Δl=ðΔlÞ m profile appears twice, at z=z 3 ≈ 0.1 and 1.3. It means that for 0.1 < z=z 3 < 1.3, Δl=ðΔlÞ m > 0, otherwise Δl=ðΔlÞ m < 0. Further, for Δl=ðΔlÞ m > 0, both the Δl and ðΔlÞ m are negative, whereas for Δl=ðΔlÞ m < 0, the Δl is positive and the ðΔlÞ m is negative. Evidently, the scaling law suggests that Δlðz ≈ 0.7z 3 Þ ¼ ðΔlÞ m . Fig. 9(b) shows that the dimensionless distance z 3 =D is almost invariant of x=D, although z 3 =D has a slight tendency to decrease up to x=D ¼ 3. Fig. 9 (c) depicts the plots of the dimensionless maximum deficit in mixing length ðΔlÞ m =d versus x=D, describing the recovery of the mixing length profile in the uninterrupted upstream flow with an increase in x=D. It is apparent that the rate of recovery is rapid for x=D < 8.
Taylor Microscale
The Taylor microscale λ is the length scale of turbulent eddies in the inertial subrange and is given by
where ε = TKE dissipation rate. It can be estimated from the Kolmogorov second hypothesis that provides the following equality describing the true inertial subrange (Pope 2000) :
where k w = wave number; S uu = spectral density function for u 0 ; and C = constant approximately equal to 0.5 (Monin and Yaglom 2007) . Spectrum S uu ðk w Þ½¼ ð0.5u=πÞF uu ðfÞ as a function of k w ½¼ ð2π=uÞf was plotted using the despiked instantaneous streamwise velocity data. The inertial subrange was characterized by the Kolmogorov −5=3 scaling law. It corresponded to a subrange of k w where the average value of k 5=3 w S uu was relatively constant, being independent of k w . Then, the ε was calculated from Eq. (3). Fig. 10 presents the data plots of the dimensionless Taylor microscale λ=d as a function of z=h at different x=D for Runs 1 and 2. In the uninterrupted upstream flow (x=D ¼ −5), the ratio λ∶d gradually increases with z=h, reaching its maximum value at z=h ≈ 0.6, and then remains almost invariant of z=h with a further increase in z=h. In wall-wake flow, the ratio λ∶d within the wallshear layer (z=h < 0.2) is smaller than that in the uninterrupted upstream flow, whereas the ratio λ∶d in the outer layer of flow (z=h > 0.2) is greater. In fact, the λ=d profiles in wall-wake flow are structurally similar to those in the uninterrupted upstream flow. Further, the effects of the ratio h∶D are predominately apparent in the outer flow layer of wall-wake flow, because the λ decreases with h=D. However, as the downstream distance x increases, the λ=d-profiles tend to recover the λ=d profile in the uninterrupted upstream flow. In conclusion, within the wall-shear layer, the length scale of eddies in the inertial subrange decreases in wall-wake flow as compared with that in the uninterrupted upstream flow, whereas within the outer layer of flow, it increases. The profiles of the Taylor microscale deficit ΔλðzÞ½¼ λðzÞ upstream − λðzÞ downstream in wall-wake flow also provide two important scaling parameters. They are the maximum deficit ðΔλÞ m and the vertical distance z 4 of the location of 0.5ðΔλÞ m in a Δλ profile [see inset of Fig. 11(a) ] (Sarkar and Dey 2015) . Fig. 11(a) shows the data plots of the dimensionless deficit Δλ=ðΔλÞ m against z=z 4 . The use of ðΔλÞ m and z 4 makes it possible to collapse all the individual data plots on a single band. Therefore, it substantiates that the self-similarity in the individual Δλ profiles is satisfactorily preserved. Interestingly, the Δλ vanishes at z ≈ 0.5z 4 and Δλðz ≈ 1.7z 4 Þ ¼ ðΔλÞ m . Fig. 11 (b) displays that the dimensionless distance z 4 =D increases with x=D up to x=D ¼ 8 and then remains almost invariant of x=D. Fig. 11(c) shows the data plots of the dimensionless maximum deficit in Taylor microscale ðΔλÞ m =d versus x=D, characterizing the recovery of the profiles of Taylor microscale in the uninterrupted upstream flow with x=D. It is obvious that the rate of recovery for x=D ≤ 8 is faster than that for x=D > 8.
Conclusions
The main findings of the experimental study on the turbulent flow characteristics in wall-wake flow downstream of a wall-mounted vertical cylinder (free-surface piercing) are as follows:
The fluid agitation effects in wall-wake flow cause a significant damping in the velocity profiles, which exhibit a reversed flow in the near-wake flow region and a gradual recovery of the uninterrupted approach wall-shear flow in the far-wake flow region. The no-slip condition at the wall is preserved. The agitation effects also influence the RSS and the turbulence intensity profiles in the wallwake flow. The RSS and turbulence intensity profiles exhibit negative and positive maximum values, respectively, in the individual profiles at the locations of the points of inflection of streamwise velocity profiles. These maximum values in their profiles slowly vanish with an increase in downstream distance, as the effects of the cylinder on wake flow reduce. Further, the vertical profiles of the third-order moments reveal that in the far-wake flow, a streamwise retardation coupled with an upward transport of fluid parcel composes the ejection events having an upstream diffusion of vertical normal stress and an upward diffusion of streamwise normal stress. Furthermore, the vertical profiles of the Prandtl mixing length suggest that the traversing distance of eddies in wall-wake flow decreases in the middle layer of flow, but increases in the nearwall and the outer layer of flow zones as compared with those in the uninterrupted upstream flow. The reason is a severe fluid agitation in the outer layer of wall-wake flow to reduce the vertical gradient of streamwise velocity and to enhance the RSS. On the other hand, the length scale of eddies (the Taylor microscale) in the inertial subrange within the wall-shear layer reduces in wall-wake flow, as compared with that in the uninterrupted upstream flow, whereas it within the outer layer of flow increases.
On the axisymmetric plane, the self-similarities in the vertical profiles of the deficit of streamwise velocity, RSS, turbulence intensities, and third-order moments are preserved when they are scaled by their maximum deficit values. The vertical distances for the velocity deficit profiles are scaled by the vertical distance of the location of the half of the maximum velocity deficit, and those for the profiles of the deficit of the RSS and the turbulence intensities are scaled by vertical distance of the location of the half of the maximum RSS deficit. In addition, the vertical profiles of the deficits in mixing length and the Taylor microscale exhibit considerable self-similarity in their profiles, when they are appropriately scaled. It is pertinent to mention that the achieved self-similarities only hold for the part of the profiles well below the free surface, because the flow measurements were not possible near the free surface owing to the limitation of the Vectrino probe.
In essence, this study therefore provides an enhanced understanding of the characteristics of time-averaged turbulent wall-wake flow downstream of a wall-mounted vertical cylinder starting from the physical characteristics to the inherent turbulent structures, elucidating the plausible self-similarity in velocity and turbulence quantities. As a future scope of research, the data presented in this study are useful to validate the numerical simulations of the wallwake flow downstream of a vertical cylinder.
Notation
The following symbols are used in this paper: 
